
ICUMENTATION PAGE O No . 00App-ov1. e

78Imaied to av.erage I hour per response, including Ire time lto rev1.v1ngrj p li~ruc~ seaicnovj !~n aa Soo, Lte5. Gawe-rr a."
I PtAlion of Information Send cornments reqwcag i ,ni ulut" ~est1ifwe 0o any'othei a l 01$ c loni0 ',1C ,n .A D -A 264 em SeMce, OlreclOraie toeIntcn'na on Operal ann and Repors. 1215 ern a-MFHnwaye.T.24 Ax. n;M1 VAII~I IiI I I I.,I II U. III, I, II 2 EOTDT

2. REPORT DATE 3 RLý'iiT rfF'E AJN;D CAT.2'S CC1,E._.; 3

March 1993 Professional PaplTr

4 TITLE AND SUBTITLE 5 FUNDING NUMBIERS

EFFECTS OF HYDROGEN-ONLY INTERRUPTS ON InGaAsInP
SUPERLATTICES GROWN BY OMVPE PR: EE90

8 AUTHOR(S) PE: 0602234N
WU: D)N488778

A. R. Clawson, T. T. Vu, S. A. Pappert, C. M. Hanson

7 PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8 PERFCPMNG ORGANZAT:C'JREPORT NUMBER

Naval Command, Control and Ocean Surveillance Center (NCCOSC)

RDT&E Division
San Diego, CA 92152-5001

9 SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10 SPONSORPNG,¶.ONFTORING

Naval Research Laboratory _ RPT NUMBE

4555 Overlook Avenue, S.W.
Washington, DC 20375 C

1I. SUPPLEMENTARYV NOTEoS.I

12& DISTRIBUTIONJAVAILABiLITY STATEMENT"%10 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

Superlattices of InGaAsfInP have been grown by OMVPE using short interval 112-only growth interrupts to eliminate
intermixing of hydride gases at the heterojunction interfaces. Changes in lattice strain resulting from interlayer alloying
were measured by X-ray diffraction. The changes in strain are small and consistent with decomposition of the surfaces
when exposed to the nonequilibrium H2 vapor. Possible interface smoothing is seen with 112 interrupt at the InGaAs to InP
transition. A large compressive strain contribution is unaffected by the interrunts and is attributed to As carryover into the
InP from surrounding solid deposits rather than the transport gases.

93-11427

Published. .Journal of Crystal Growth 124 (1992), pp 536-540.

14 SLBJECT TERMS 15 NUMBER OF FAGCS

semiconductor technology indium phosphide
electro-optics/electronics mr-wave 16 PR. CCUL
heterojunction transistors monolithic

17 SEC1JRITY CLA&SSIFCAr,!N 18 GIlYCA AOI 1J*~ ~A, CA;,
OF REPORT U- 11l5; FAGEl CS, AlsýTRACT

TITCI .ASSWF ' IINCLAS;SIFI )D UNCLA.SSIIII"El) SAME AS R1%0P(11{T

NWN 7?AO-OI-280F-5500 ",R 1,I1 ' ',-l



S" I_'NCLASSIFILI)

-a NAM-- OF R ý,,OSN;' %' 'V-'2 k

C. M. Iansuon

NSN 75.4".,1l-280-550 Slandard ?orm 298 (ACK)

UNCLASSIFIED



Journal of Crystal Growth 124 (1992) 5.36-540 iousw.,e' CRYSTAL
North-tiolland GROWTH

Effects of hydrogen-only interrupts on InGaAs/InP superlattices
grown by OMVPE
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Superlattices of lnGaAs/lnP have been grown by OMVPE using short interval 1t2-only growth interrupts to eliminate
intermixing of hydride gases at the heterojunction interfaces. Changes in lattice strain resulting from interlayer alloying were
measured by X-ray diffraction. The changes in strain are small and consistent with decomposition of the surfaces when exposed to
the nonequilibrium H, vapor. Possible interface smoothing is seen with H2 interrupt at the lnGaAs to InP transition. A large
compressive strain cont'ribution is unaffected by the interrupts -and is attributed to As carryover into the InP from surrounding solid
deposits rather than the transport gases.

1. Introduction may cxist which is not obvious from photolumi- E CL
L00nescence measurements, but does affect the band UU

Interface abruptness in lnGaAs/lnP multiple offsets of the heterojunctions [3). 4
layer structures is a concern for OMVPE growers The accumulated thickness of many identical
who fabiicate epilayer configurations for device superlattice periods rather than just a single =

to qantm szedgeomtris dmans eplayr iatin tchniuessuc ashighresluton -ra
development. Application of the heterojunctions quantum well provides opportunity for character- e >

material that closely approaches the ideal mono- diffraction and infrared absorption. One result of 0 U
layer-abrupt transition from one semiconductor X-ray lattice parameter studies in the InGaAs/
composition to the other on which modeling of lnP superlattics we have grown, as well as those
the electronic structure is based. The perfect reported by others for both OMYPE [4] and
interface is not easily achieved, although quite GSMBE [5], is the occurrence of a compressive
satisfactory quantum well superlattices and other strain when using a gas composition which nor-
structures can be produced with good control of mally provides lattice-matched thick (> I Ain)
composition and thickncss uniformity necessary ln,,1j3Ga1047As layers. In practice we achieve lat-
for tailoring optical and electronic chttracterislics. ticc-matched superlattics by adjusting the com-
Many of the studies of thin single qluantum wells posilion slightly Gia-rich, presuming that the ten- .
demonstrate flat interfaces whose photolumines- sile stress of the mismatched InGaAs balances a
cence spectra show discrete. separate peaks at- compressive stress associatecd with the interlaces. I
fributcd to abrupt. monolayer variations of' the Vandenberg ct al. 161 suggest that somec .tre%* . ........

well thickness 11.21, 1 Itiwever. ht, umnsec is iii ritsic due to different atomic bond lengths
data do not explicitl% shIo%% thc ititcrl';tce lot occur fo'r At, and 1P at thec interface. There can also hie
between intendled coiiompit iL oi f hlIill and kt ttess from composit itonal intermixing across the
In11 5.Oii 1 4?As, Sm ile copi tnr~it tmaionii tlernrti ig ttterl ace For evample. As in In P formis compre%.
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sively stressed lnAsP and P in lattice matched 10

InGaAs froms a tensilely stressed InGaAsP. On U

the just grown layer this type of alloying occurs s A
from exposure of its surface to the hydride of the "-
next layer. Exposure of lnP to arsine and InGaAs " . AA o
to phosphine causes surface substitution of the ILAAA o t& 0 0 0 0 0o0
group V components [7]. Similarly, on the to be ,,
grown side of the interface, carryover of the pre-
vious group V as vapor will contaminate the 2.

subsequent growth. With OMVPE some intermix-
ing is very likely to occur due to gas exchange 0 200 400 600 800 1000 1200
during the heterojunction growth, thus the strain Accumulated Time (Minutes)
may be influenced by changes of growth tech- Fig. 1. The change of OMVPE growth rate as a clean quartz
nique such as use of interrupts. For most inter- chamber accumulates sidewall deposits. Set 1 (0) up to 350
rupt studies the solid has been exposed to arsine, min was InP growth, with subsequent growth being a mix of
phosphine or combinations thereof [1,4,8,91 which InP and lnGaAs/lnP superlattices. The set 2 (o) growths

are likely to form mismatched alloys. Interrupts were InGaAs and InGaAs/]nP superlatticcs.

without hydride have also been used [101; how-
ever, extended absence of the hydride overpres- stant gas flow maintained by adding hydrogen in
sure results in loss of the volatile group V con- the absence of source gas flow. A total gas flow of
stituent from the layer surface. It is not easy to 1.5 /mrin provides a gas velocity at 20 Torr
identify directly which strain mechanism is occur- chamber pressure of -- 1 m/s to ensure rapid gas
ring at which interface, and we must infer the displacement. To adjust for day-to-day composi-
effect of changes in OMVPE gas switching tech- tion and growth rate variations resulting from
nique from the finished superlattice. TMI vapor pressure drift and drift of the mass

In this investigation we have studied changes flow controller electronics, a daily calibration
in lattice strain due to the use of brief growth growth of a superlattice with no interrupts was
interrupts with the absence of all source gases at performed as a reference to normalize the ica-
the layer transitions. The intention is to purge the sured strain. Establishing conditions for good re-
chamber of source gas before starting the next producibility to allow monitoring small changes in
layer while minimizing the time for surface loss of strain was not trivial. Reproducible growth condi-
volatile As or P. The lnGaAs grown on InP tions could be achieved only when sidcwall de-
interface (interface 1), and the InP grown on posits in the chamber had built up to provide an
InGaAs interface (interface 2) were studied sepa- unvarying partition of source depletion between
rately. the substrate and its surroundings. Fig. I demon-

strates that growth rates in a clean tube are much
higher than for a tube conditioned by previous

2. Experimental procedure growths. These data are from mixed scutences of
InP, lnGaAs and InGaAs/lnP superlattices. The

The OMVPE growth was performed on lnP thick layer growth rates were from gravirnctrically
(1M)) substrates at 650'C and 20 Torr from determined thicknesses and the superlattice rates
trimethylindium(TMln), trimethylgalliunm from X-ray superlattice period spacings. There
(TMGa), arsine and phosphine in a 44 mm diam- are evident differences in the chamber condition-
eter cross-section horizontal quartz reactor using ing time required for a growth rate equilibrium.
a lamp heated. 25 mm W x 65 mm 1L, 8' taper, The set I data for accumulaled grit\h lime of
graphite susceptor. Vent/run gas switching was less than 350 mill were for otik InPl' growths
achieved using a Thomas Swarn I-piftoltl with the which show a gradual divctease ini gLt\\lh tiatc
vent/run pressures carefully balanced and con- corresponding to a ,o\ build-up t ,call df(e-
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p st .W hen iiI'"1le I1, LItseLf tlle deposits build tip o

rimuch lftscr. aý -s-cn for the ]nG(tAs and super-

pittici growths of Net 2. The growth interrupt 0 Interface 1studies ware pervo•rmed fo ly in the constant
growth rate regimep to achieve reproducibility for -0 0 I

comparo g smit ll changes in lattice strain. C od(Another constraint to achieving reproducible •0~

lattice-matched supmrlatties ls memory of provi- (1
ously grown material. Tho andewal (100) sub- grtoon.n terface (0)l and (1,nieuat

solid deposits necessary for 'Uniform growth rates n iterfacear loa reservoir for volatile group V source

carryover. Tis s particularly evident for As fol- s00 0 5 i0 15

lowing inGaAs growt thee SIMS H Interrupt Durahion (seconds)
composition profile of an InP region conta ining grow was lim in a 30 period, InGaAs (nm lls and
three thin tnGaAs marker layers that was grown (14a c) superlattice with (1) gr-only interrupt at the lnGaAs
longgrown on InP interface (i) and (2n) f-only interrupt at the

tnP grown on InGaAs interface (p).strate. The resolution is not adequate to assess

composition mixing at the interfaces; however,
residual levels of P in lnGaAs and of As in InP growth was limited to the quantum wells, and
are evident. Of particuLir significance is the pro- each superlattice was grown on a 2500 A lnP
longed carryover of As into the InP following the buffer layer.
thick inGaAs growth. One consequence of this Growths under identical conditions were per-
behavior is that superlattices grown immediately formed with interrupts independently introduced
following thick lnGaAs growth show larger uom- at interface o and at interface 2 using the basic
pressive mismatch from increased As levels in superlattice structure of 30 periods of a 70 u
lnP; thus care was taken that growths for compar- lnGaAs well and a 140 A• InP barrier. Composi-
ison of strain were in a chamber with a predomi- tion of the InGaAs was fixed to provide a lattice-
nantly InP growth history. The only InGaAs matched superlattice when no interrupts were

used. Shifts of the strain determined from high
resolution (400) X-ray rocking curves were used

7 . to describe the effect of growth interrupts. The
Su.t relaxed strain was calculated from the verticalJ InTLaAs nurittirs Substlrate

S P Ga Plattice spacing corrected by the Poisson ratio [I11].
The effects of H2 interrupts on the strain are

2L inin In shown in fig. 3. For interface 1 there is negligible
3• change of strain for intervals less than 2 s, and for

longer interrupts there is a time proportional
increase in compressive strain. Two seconds is

Aa longer than the time expected to allow complete

0 .25 0.5 0.75 1.0 1.S LS 1.7S 2.0 2.2 2.S purge of phosphine before starting the lnGaAs
Depth (Microns) growth, thus the absence of any significant change

Fig. 2. SIMS profile of an lnP thick layer with InGaAs suggests there must already be an abrupt transi-
markers (of intended thicknesses 3. 10. and 20 A from left to tion from InP to lnGaAs growth without inter-
right) which was grown after a thickl-InGaAs layer, showing a rupts. The growth rate is - 4 A/s so it is feasible
large carryover of As into the InP. The SIMS data were taken that uninterrupted gas exchange is complete
with a Perkin-Elmer 6300. using a Cs beam at 7 kV. The
sample was tilted at 450, and the raster area was 7W(1 tm 2  within growth of one 3 A monolayer. For longer

(gated 80%). resulting in a beam current of 250 nA. Ions interrupt intervals we expect generation of sur-
monitored were •tIn,�* Ga7"As- and "tP- face vacancies by P dissociation to the nonequi-
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librium H, atmosphere, and these vacancies will tices show remarkably little effect on composi-
subsequently fill with As to form a compressively tional alloying at the interfaces. Resulting changes
strained lnAsP consistent with the observed re- in the lattice strain in fig. 3 are only a small
sults. fraction of the strain which is associated with the

The effects of interrupts on interface 2 in fig. 3 interfaces based on the Ga-rich InGai_,As
show two features to the strain. First is a sharp composition used to achieve lattice-match. The
initial increase in tensile strain followed by a composition was x = 0.485 based on the settings
drop. This behavior at short intervals is superim- of In and Ga gas flows, and this would give a
posed on a slow monotonic increase in tensile relaxed lattice mismatch of Aa/a = -0.32%. The
strain with interrupt duration. The slow increase dominant cause of the strain is thus little changed
is expected from generation of As vacancies in by the purge of the source gases between layers.
the InGaAs which are subsequently filled with P .The use of H, interrupt intervals of about 2 s at
upon ztart of the InP growth. The behavior for each interface gives assurance of minimal inter-
times less than 2 s may be related to smoothing of mixing of the hydride gases with no evident detri-
a rough lnGaAs surface. An initially rough sur- ment to the interfaces. The possibility of surface
face would allow more rapid exchange of P for smoothing at interface 2 suggests a definite ad-
As. After smoothing takes place, the newly estab- vantage to using an interrupt and is worthy of
lished two-dimensional surface would have less further study. Otherwise the use of H, interrupts
sites available for the As-P exchange with the is of no great advantage.
longer interrupts and would show the slower The small dependence of strain on H2 inter-
monotonic increase of strain. rupts indicates the dominance of some growth

Assessment of growth with H 2-only interrupts parameter other than the gas switching in causing
on the room temperature infrared absorption the compressive strain in these superlattices. As-
spectra shows virtually no effect. The exciton carryover as seen in the thick layer SIMS profile
absorption peak wavelength and half-width of has also been observed by others [12-141, and it
half-maximum were not changed. is likely that this is the dominant contribution to

Possible group IIl compositional transients at superlattice mismatch. As-carryover is consistent
the start and stop of InGaAs growth were studied with the results of this study provided the source
by growing thick layers composed of periodic of As is not the arsine which we can control with
segments separated by interrupts. Pseudosuper- the interrupts, but is from As evolved from heated
lattices of 71 periods of 70 A lnGaAs with 2 s deposits on the susceptor and sidewalls. Bhat et
interrupts under both AsH3 and H2-only were al. [7] have demonstrated the effectiveness of
grown. Neither SIMS nor X-ray diffraction show physical vapor species As 4 and P4 from adjacent
evidence of a periodic compositional transient, wafers of GaAs or lnP in providing a protective
and room temperature infrared absorption spec- atmospheri. for preserving structured layer sur-
tra are indistinguishable from continuously grown faces during heating for OMVPE growth. The
lnGaAs. Hall mobilities of the interrupted In- exposed solid deposits in our reactor very likely
GaAs were consistently higher which could result serve as a similar source of As 4 and P4 . The
from either compositional ord&ring or reduced presence of a group V partial pressure would
impurity incorporation. However, no obvious explain the relatively small surface dissociation
group II! redistribution was observed within the during H,-only interrupts. However, Stringfellow
limits of our analysis. [151 points out that incorporation of the very

stable tetramer is not favorable, thus may not
itself be a candidate for carryover conltaminalion.

3. Dliscussion amnd conclusions Nevertheless. interaction of the pyroly/ed .ws,.
in equilibrium with the ,,olkid dlc)ositSC, cold re-

Short inlerval II.-onl. inlerrupts in low pres- lease an acIive form of the conltam iinantr The
sure ()MVPI. growtlh o4 In(:as/h/IiP superla,- Ifaored incorporation t~ As ernhance, the taii\
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